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We consider diffusion-influenced binding to a buried binding site that is connected to the surface by a
narrow tunnel. Under the single assumption of an equilibrium distribution of ligands over the tunnel
cross section, we reduce the calculation of the time-dependent rate coefficient to the solution of a one-
dimensional diffusion equation with appropriate boundary conditions. We obtain a simple analytical
expression for the steady-state rate that depends on the potential of mean force in the tunnel and
the diffusion-controlled rate of binding to the tunnel entrance. Potential applications of our theory
include substrate binding to a buried active site of an enzyme and permeant ion binding to an internal
site in a transmembrane channel. © 2071 American Institute of Physics. [doi:10.1063/1.3609973]

. INTRODUCTION

Substrate binding sites in enzymes are often buried.'
In many cases they are accessible from the surface of the
macromolecule by a narrow tunnel as shown schematically in
Fig. 1(a). In order to reach the active site, a ligand must diffuse
into and then through the crevice leading to the site. A classic
example is acetylcholinesterase (see Fig. 1(b)).2 Transmem-
brane channels also can have binding sites that are produced
either by a deep minimum in the potential of mean force® or
by a pore-lining residue that can covalently bind a permeant
ion or molecule. For example, a histidine or glutamate residue
within the pore can bind a proton.*® When binding is due to
a pore-lining residue, then there is a chance that the permeant
species can pass through without binding. However, when the
channel is sufficiently narrow, the binding site cannot be by-
passed and the enzyme and channel problems are essentially
the same. The His37 tetrad in the influenza M2 proton chan-
nel (see Fig. 1(c)) appears to be such an obligatory binding
site for a permeant proton.®®

Studies of binding to a buried site were initiated by
Samson and Deutch,” who obtained an approximate steady
state rate for binding to a site located at the bottom of a coni-
cal tunnel within a spherical macromolecule. Zhou'® consid-
ered a more general problem where the binding site is located
in a crevice connected to the bulk by a narrow tunnel. A rig-
orous solution of this problem requires that both the ligand-
site pair distribution function and the corresponding flux be
continuous across the tunnel entrance. To make this prob-
lem tractable, Zhou assumed that the flux over the entrance
is constant and that the pair distribution is continuous only
when averaged over the entrance surface. This is analogous
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to the constant flux approximation'' (which is equivalent'?
to the Wilemski-Fixman approximation) for the diffusion-
controlled ligand binding. In solving this problem, rather than
requiring the pair distribution function to vanish on the bind-
ing surface, one assumes that it vanishes only on the average
and that the flux is the same everywhere on the surface of the
site. Assuming a constant flux over the tunnel entrance, the
steady-state rate to a buried site can be expressed in terms of
(1) the constant-flux diffusion-controlled rate of binding to the
entrance and (2) the rate of binding to the site for an auxiliary
problem where the pair distribution function on the entrance
is kept at its equilibrium value for all times. He then obtained
a simple analytic expression for the steady-state rate in the
special case of an active site located at the end of a cylindrical
tunnel.®

In this paper, we do not invoke the constant flux approx-
imation and obtain a general expression for the steady-state
rate constant for all geometries where the dynamics in the
interior region can be described, to a good approximation,
as one-dimensional diffusion (e.g., the site is at the end of
a narrow tunnel). Under the single assumption of fast equi-
libration over the tunnel cross section, the calculation of the
time-dependent rate coefficient is reduced to a solution of a
one-dimensional diffusion equation with a novel boundary
condition that involves the exact diffusion-controlled rate co-
efficient for binding to the tunnel entrance. We then use this
formalism to obtain explicit results for a case of practical in-
terest: a cylindrical tunnel in the presence of a linear potential
of mean force. Finally, we derive a simple general expres-
sion for the steady-state rate constant that involves the exact
diffusion-controlled rate of binding to the tunnel entrance and
the potential of mean force in the tunnel. After applying this
formula to several special cases, we conclude by discussing
future applications and extensions.
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Il. THEORY

Consider the irreversible binding of a ligand to a site
buried at the end of a tunnel as shown in Fig. 1(a). Suppose
that at + =0 an empty binding site is surrounded by an
equilibrium distribution of non-interacting ligands with bulk
concentration c. Then according to Smoluchowski, the prob-
ability that the binding site remains empty at time ¢ satisfies

dB(t)/dt = —k(t)cB(1), 2.1)

where k(t) is the time-dependent rate coefficient. It can be
calculated from the ligand-site pair distribution function,
g(r, 1), according to

3
k(t)=D / / e‘ﬂU(r)a—[eﬂU(r)g(r, N1dS
X
S(0)

= Ko // g(r, t)dS,

S(0)

(2.2)

where B = (kzT)~!, r = (x, y, ) is the displacement vector
between the ligand and the binding site, U(r) is the potential
of mean force [U(r) — 0 as r = |r| — o0], D is the diffu-
sion constant of the ligands, « is the intrinsic binding rate to
the surface of the binding site, S(x) denotes the tunnel cross
section at a fixed value of x. The distribution function g(r, t)
satisfies the Smoluchowski equation,

d
a_f = V. De PUOY U] (2.3)
subject to the equilibrium initial condition
g(r,0) = ¢ PV 2.4

(a)

=Tl
binding site

FIG. 1. (a) Schematic representation of a biding site buried in a tunnel of
length L and varying cross-section S(x). (b) The tunnel leading to the active
site of acetylcholinesterase. The active-site residues are shown as stick. (c)
The M2 proton channel with an internal binding site, consisting of a histidine
tetrad. Only two of the four histidines are shown, as stick. In this structure the
channel is blocked so proton can access the internal site from just one side of
the membrane. Channel activation allows proton release to and binding from
the other side of the membrane.
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and the boundary condition

De—ﬂU(r)i[eﬁU(n

ox r € 5(0).

gr, )] =kog(r, 1),
(2.5)

In addition, we require that g(r,¢) approaches 1 as
r — oo and satisfies the reflecting boundary condition
on all inert surfaces.

These equations completely specify the mathematical
problem but have not been solved exactly when the bind-
ing site is buried. Here we consider a class of such problems
when the binding site occurs at the end of a narrow tunnel (0
<x < L, see Fig. 1(a)). We assume that the dynamics of
ligands is sufficiently fast so that local equilibrium on the
tunnel cross section is maintained. This amounts to assum-
ing that within the tunnel the three-dimensional pair dis-
tribution function g(r, t) is related to the one-dimensional
(and hence the subscript “1”) distribution function g;(x, ¢)

= ffs(x) g(r, t)dS by

e PU0egi(x,1) e PUMg(x,1)

s 1) = =
§(r. 1) [[ e PU™4s o(x)e PV
()

(2.6)

at all times. Here we have defined the one-dimensional poten-
tial of mean force V(x) via o(x)e V™ = ffsoc) e PUM S,
where o(x) is the area of the tunnel cross section at a fixed
value of x, o'(x) = [[y, dS. With this single approxima-
tion we now show that the problem of calculating k(¢) can
be rigorously reduced to the solution of a one-dimensional
equation with a novel boundary condition that involves the
time-dependent rate coefficient kg(¢) that describes diffusion-
controlled binding by the tunnel entrance.

To obtain the partial differential equation satisfied by
g1(x, 1), we substitute g(r, t) in Eq. (2.6) into Eq. (2.3) and
integrate both sides over the surface S(x). In this way we find
that

d ] d
981 _ 9 (e L __8

8 @1
or  ox xoem D

The initial and boundary conditions as well as the expres-
sion for k(¢) can be found the same way, namely, by sub-
stituting g(r, t) in Eq. (2.6) into Egs. (2.4), (2.5), and (2.2),
respectively, with subsequent integration over the cross sec-
tion. This leads to

g1(x,0) = o(x)e PV, (2.8)
_ a  gilx, 1)
_ BV(0) _
k(t) = Do (0)e ox o()e PO | _, = k0810, 1).
(2.9)

To make the problem of finding g;(x, ) well posed, we
need a boundary condition at x = L. We derive this bound-
ary condition by matching the flux at the boundary separating
the tunnel from the bulk. The flux into the tunnel depends on
the derivative of g(r, ¢), which satisfies the three-dimensional
diffusion equation, Eq. (2.3), subject to the initial condi-
tion given by Eq. (2.4). On the tunnel entrance it satisfies
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(see Eq. (2.6))

e PU0g(L, 1)

e FESW)

gr, 1) = (2.10)

and on the rest of the surface it satisfies the reflecting bound-
ary condition. We now show that the solution to this problem
can be found in terms of the pair distribution function A(r, ¢)
for an auxiliary problem, namely, that of diffusion-controlled
binding to the tunnel entrance. In this way, we will express
the required boundary condition in terms of the diffusion-
controlled rate kg(¢) of binding to the tunnel entrance. A sim-
ilar idea has been used in a study of the particle number
fluctuations in a cylindrical channel.'® The distribution func-
tion A(r, t), defined in the bulk, satisfies the same differential
equation and initial condition as g(r, t), Eqs. (2.3) and (2.4).
The crucial difference is that A(r, t) satisfies the absorbing
boundary condition on the tunnel entrance
h(r,t)=0, r e S(L), (2.11)

while g(r, ) satisfies the boundary condition in Eq. (2.10).

Since g(r, t) and A(r, t) obey the same partial differen-
tial equation, it is natural to try to find a relation between
them. It turns out to be convenient to work in the Laplace
space. [We denote the Laplace transform of a function f(r)
as f(s); f(s) = [;° e~ f(t)dt.] Since whenr € S(L), h(r, 1)
= 0 while g(r, ¢) is given by Eq. (2.10), we try the ansatz

e PUOGI(L, 5)

g(r,s) = A(h(r, s) + o(Lye PV

(2.12)

Since g(r,t), h(r,t), and e PY®  all approach unity as
r — 00, it follows that

sgi(L,s)

(2.13)

The flux continuity condition at the tunnel entrance is

Do(L)e V™ 3 sl
dx o(x)e FV®| _,

= f / De*ﬁU(r)ai[ef’U(”g(r, n1dS.  (2.14)
X

S(L)

Substituting g(r, ¢) in Eq. (2.12) with A(s) in Eq. (2.13) into
the Laplace transform of Eq. (2.14), we find

a  gi(x,s)

Do(Lye PV — >~
(L) 0x o(x)e PV

_< _ s&L,s) )
—L - o(L)e=BVIL)

9 .
x // De PUO AU fi(r, 5)]dS.
0x

S(L)

(2.15)

We note that the integral over S(L) on the right-hand side
of Eq. (2.15) is simply the Laplace transform of the rate
coefficient that describes diffusion-controlled binding to the
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tunnel entrance from the outside, kg (s). Thus we have

Do(L)e FPV®) ERRICAON
dx o (x)e PV | _

sgi(L,s) ~
= <1 - —U(L)eﬁ"@) ke(s),

(2.16)

which is the desired boundary condition at x = L that makes
the one-dimensional problem in the tunnel well posed. In the
time domain our boundary condition,

Do(L)e BV D 3 g
dx o(x)e PV | _,

! 0 gl(L l,)
=— | kgt —th)——=—"——dt,
/0 il )8t’ o(L)e PVL)

(2.17)

has an interesting non-Markovian structure.

lll. TIME-DEPENDENT RATE COEFFICIENT
FOR A CYLINDRICAL TUNNEL IN THE PRESENCE
OF A CONSTANT FORCE

As an illustration of the above formalism we consider a
cylindrical tunnel of radius a and length L in the presence of a
linear potential, BV (x) = fVo(x — L)/L,0 < x < L. In this
case 0(x) = 0 = mwa? is independent of x. Again it is conve-
nient to work in Laplace space. The Laplace transforms of the
rate coefficient, Eq. (2.9), and the Smoluchowski equation,
Eq. (2.7), respectively, are

k(s) = k081(0, s) 3.1)
and
s21(x, s) — ge PVNO=D/L
= Dd2,§1(x,s) n DBVy dgl(x,s)' 52

dx? L dx
The general solution to this equation is

o
81(x,5) = ?e—ﬂVO(X—L)/L T e PN 2L (B oML 4 B /Ly,

(3.3)
where

A= \/(ﬂvo/z)z +sL2/D. (3.4)

The unknown coefficients, B; and B,, are determined by in-
serting Eq. (3.3) into Egs. (2.9) (in Laplace space) and (2.16).
The Laplace transform of the rate coefficient is then deter-
mined from Eq. (3.1). In this way we find that

1
sk(s) ko

e PVo[rcoth A + BVy/2 + ske(s)L /(Do)
ske(s)A coth A + so L — BVoske(s)/2
(3.5)
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where kg = koo efV0. If the potential is zero outside the tunnel,
and the inert surface around the tunnel entrance is flat, then'*

2

. 3 (7’[ 1) sa
; T [
SKe() _ 7 sat R4 D (3.6)

4Da 4 D 7T(4 _ j'[) N sa2
(7% —8) D

IV. STEADY-STATE RATE CONSTANT

is an excellent approximation.

The time-dependent rate coefficient can be obtained an-
alytically only for special cases of o(x) and V(x). We will
now show that the steady-state rate constant can be found in
general as

1 1 1 L BV gy
— — - 4.1)
0

ks - k_]f:S + ko Do(x) ’

where ko = k90 (0)e#V© is the “chemical” rate constant and
ky; is the steady-state rate constant for ligands outside the tun-
nel to be absorbed by the entrance of the tunnel. If the en-
trance surface area and perimeter are o and P, respectively,
and the reflecting surface around the entrance is effectively in-
finite and flat, then to an excellent approximation & is given
byIS
k¥ = D320 P/nH)'. 4.2)

For a planar disk of radius a this reduces to the exact result
k¥ = 4Da.'®

To derive Eq. (4.1) we take the ¢t — oo limit of Eq. (2.9)
and find kg to be given by
d B
ke = K0gl(0) = Do () L 8L

_ , (4.3
dx o(x)e PV™ | _, (4.3)

where g°(x) is the steady-state limit of gi(x,1): g((x,1)
— g1°(x) as t — oo. The corresponding limit in Laplace
space is sg1(x, s) = g}*(x) as s — 0. From Eq. (2.7) it fol-
lows that g;°(x) satisfies
ig(x)e—ﬁV(x)iM —0.

- 44
dx dx o(x)e PV @4)

Multiplying both sides of Eq. (2.15) by s and taking the s — 0
limit, we find that the boundary condition at x = L takes the
form

_ d g’
vy 4 1
Do(L)e % 5 C0)e PV | _
_ gr(L) o

Integrating Eq. (4.4) from zero to x twice and using Eq. (4.3),
the boundary condition at x = 0, we find that

g () 1 / M0y
_&W (= SR 46
o (r)e Ve — s <k0+ , Dol (*0)
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(2) (b)

FIG. 2. (a) Schematic representation of a binding site located in a conical
tunnel of length L with the smallest and the largest tunnel radii equal to ro
and a, respectively. (b) Schematic representation of a binding site located at
depth L in a sphere of radius R; tunnel sides are specified by the polar angle
6o.

Using this result in Eq. (4.5) and solving the resulting linear
equation, we obtain the formula for kg given by Eq. (4.1). Itis
interesting to note that this equation could have been derived
using the formalism of Zhou,'? albeit with the constant flux
approximation for k.

We will now use Eq. (4.1) to derive a variety of the results
that have been previously obtained in different ways.% 1017
We begin with a cylindrical tunnel of radius a in the pres-
ence of a linear potential, 8V (x) = 8Vy(x — L)/L. For such
a tunnel o(x) = 0 = wa?, and kg = kgoe #"0. In addition,
we assume that there is no potential outside the tunnel, so that
ki = 4Da. In this case Eq. (4.1) leads to

1 N 1 +L(1—e—ﬁV0) @
ks 4Da ko wa?DBV, ’

that agrees with the s — 0 limit of Eq. (3.5).

Next we consider a conical tunnel schematically shown
in Fig. 2(a), which is embedded in an essentially infinite inert
plane, in the absence of potential both inside and outside the
tunnel, i.e, U(r) = 0 everywhere. The x dependence of the
cross-section area of such a tunnel is given by o (x) = 7 [ry
+ (a — ro)x/L]?, where 7y and a are the smallest and largest
radii of the tunnel (Fig. 2(a)). The rate constants ki’ and ko,
respectively, are ki’ = 4Da and ko = koo (0) = HrgKo, and
Eq. (4.1) leads to

1 1 1 L

ke 4Da ko

. 4.8
waryD (4.8)

When ry = a, the tunnel becomes cylindrical with a uniform
radius a, and Eq. (4.8) reduces to Eq. (4.7) with V = 0, as to
be expected.

Finally we consider the model originally studied by
Samson and Deutch,’ in which the entrance to the tunnel and
the reactive site are spherical “caps” (not planar surfaces as
above). In this model, a spherical protein of radius R con-
tains a perfectly absorbing (ko = 00) curved binding site lo-
cated at distance L from the surface as shown in Fig. 2(b).
The tunnel cross section is a spherical cap with radius R — L
+x,0<x < L;hence o(x) = 2(1 — cosbp)(R — L + x).
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Using this in Eq. (4.1) we find

11 L
— + (4.9)

ks k¥ 2m(1 —cosbp)R(R — L)D’
where k¢ is the diffusion-controlled steady-state binding rate
to a spherical “cap” of radius R and semi-angle 6. This is
identical to the result of Samson and Deutch’ when k3 is ap-
proximated by their analytical expression. When angle 6 is
small Eq. (4.9) becomes identical to Eq. (4.8) with ky = oo
since a ~ ROy and ryp ~ (R — L)b,.

V. CONCLUDING REMARKS

We have considered the diffusion-influenced ligand bind-
ing to a buried site that is connected to the surface by a
narrow tunnel. Assuming fast equilibration over the tunnel
cross section, the ligand motion can be modeled as one-
dimensional diffusion under the influence of the potential of
mean force. Based on this assumption alone we were able to
analytically express the steady-state rate of the ligand bind-
ing to a binding site in terms of the potential of mean force
and the diffusion-controlled rate of the ligand binding to the
tunnel entrance. Using our formalism, we obtained an an-
alytical expression for the Laplace transform of the time-
dependent rate coefficient for a simple model where the tun-
nel is cylindrical and the potential of mean force is linear.
Although we have focused here on irreversible binding, the
time-dependent rate coefficient plays a central role in theories
of reversible binding.'® Thus our work opens the way to mod-
eling reversible diffusion-influenced binding to buried active
sites.

The work presented here can be extended in sev-
eral directions. The influence of rotational diffusion of the
macromolecule'®2° and/or ligand binding to the surface of
the macromolecule?>'~?} can be handled by simply using the
appropriate diffusion-controlled rates to the tunnel entrance,
as long as these complications do not influence the dynam-
ics in the tunnel. When the tunnel cross section is variable
and/or the tunnel is winding, an improved description of the
binding can be obtained by using a position-dependent diffu-
sion coefficient [i.e, D(x)]*** to describe ligand dynamics in
the tunnel. Our result for the steady-state rate can be general-
ized to this case by simply replacing D by D(x) in Eq. (4.1).
In addition, as a result of protein dynamics, the shape of the

J. Chem. Phys. 135, 075103 (2011)

tunnel can fluctuate. For example, the entrance to the tun-
nel can switch between open and closed conformations.'?
The influence of such stochastic gating on the rate coefficient
can be determined from a straightforward extension of our
formalism.

ACKNOWLEDGMENTS

This study was supported by the Intramural Research
Program of the NIH, Center for Information Technology
and National Institute of Diabetes and Digestive and Kid-
ney Diseases, and by grants GM58187 and AI23007 from the
National Institutes of Health (NIH).

'H.-X. Zhou and J. A. McCammon, Trends Biochem. Sci. 35, 179
(2010).
2M. Harel, 1. Schalk, L. Ehret-Sabatier, F. Bouet, M. Goeldner, C. Hirth,
P. H. Axelsen, I. Silman, and J. L. Sussman, Proc. Natl. Acad. Sci. USA
90, 9031 (1993).
3P. Lauger, Biophys. J. 47, 581 (1985).
4T. E. DeCoursey and V. V. Cherny, J. Gen Physiol 109, 415 (1997).
SH. H. Lim and C. Miller, J. Gen Physiol 133, 131 (2009).
%H.-X. Zhou, J. Phys. Chem. Lett. 1, 1973 (2010).
7L. H. Pinto, G. R. Dieckmann, C. S. Gandhi, C. G. Papworth, J. Braman,
M. A. Shaughnessy, J. D. Lear, R. A. Lamb, and W. E. DeGrado, Proc.
Natl. Acad. Sci. USA 94, 11301 (1997).
8M. Sharma, M. Yi, H. Dong, H. Qin, E. Peterson, D. D. Busath, H. X. Zhou,
and T. A. Cross, Science 330, 509 (2010).
9R. Samson and J. M. Deutch, J. Chem. Phys. 68, 285 (1978).
10 .-X. Zhou, J. Chem. Phys. 108, 8146 (1998).
D, Shoup, G. Lipari, and A. Szabo, Biophys. J. 36, 697 (1981).
121 -X. Zhou and A. Szabo, Biophys. J. 71, 2440 (1996).
135, M. Bezrukov, A. M. Berezhkovskii, M. A. Pustovoit, and A. Szabo,
J. Chem. Phys. 113, 8206 (2000).
14R. Zwanzig and A. Szabo, Biophys. J. 60, 671 (1991).
150. K. Dudko, A. M. Berezhkovskii, and G. H. Weiss, J. Chem. Phys. 121,
1562 (2004).
16T H. Hill, Proc. Natl. Acad. Sci. USA 72, 4918 (1975).
17L. Dagdug, A. Berezhkovskii, S. M. Bezrukov, and G. H. Weiss, J. Chem.
Phys. 118, 2367 (2003); L. Dagdug and A. M. Berezhkovskii, J. Chem.
Phys. 125, 244705 (2006).
181, V. Gopich and A. Szabo, J. Chem. Phys. 117, 507 (2002).
19K. Solc and W. H. Stockmayer, J. Chem. Phys. 54, 2981 (1971); Int. J.
Chem. Kinet. 5, 733 (1973).
20D, Shoup, G. Lipari, and A. Szabo, Biophys. J. 36, 697 (1981).
210. G. Berg and M. Ehrenberg, Biophys. Chem. 15, 41 (1982).
220. G. Berg, Biophys. I. 47, 1 (1985).
23H.-X. Zhou and A. Szabo, Phys. Rev. Lett. 93, 178101 (2004).
24R. Zwanzig, J. Phys. Chem. 96, 3926 (1992).
25D, Reguera and J. M. Rubi, Phys. Rev. E 64, 061106 (2001).
26R. M. Bradley, Phys. Rev. E 80, 061142 (2009).
27 A. M. Berezhkovskii and A. Szabo, J. Chem. Phys. 135, 074108 (2011).

Downloaded 19 Aug 2011 to 128.231.5.116. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1016/j.tibs.2009.10.007
http://dx.doi.org/10.1073/pnas.90.19.9031
http://dx.doi.org/10.1016/S0006-3495(85)83954-0
http://dx.doi.org/10.1085/jgp.109.4.415
http://dx.doi.org/10.1085/jgp.200810112
http://dx.doi.org/10.1021/jz100683t
http://dx.doi.org/10.1073/pnas.94.21.11301
http://dx.doi.org/10.1073/pnas.94.21.11301
http://dx.doi.org/10.1126/science.1191750
http://dx.doi.org/10.1063/1.435494
http://dx.doi.org/10.1063/1.476255
http://dx.doi.org/10.1016/S0006-3495(81)84759-5
http://dx.doi.org/10.1016/S0006-3495(96)79437-7
http://dx.doi.org/10.1063/1.1314862
http://dx.doi.org/10.1016/S0006-3495(91)82096-3
http://dx.doi.org/10.1063/1.1763137
http://dx.doi.org/10.1073/pnas.72.12.4918
http://dx.doi.org/10.1063/1.1533061
http://dx.doi.org/10.1063/1.1533061
http://dx.doi.org/10.1063/1.2409682
http://dx.doi.org/10.1063/1.2409682
http://dx.doi.org/10.1063/1.1482701
http://dx.doi.org/10.1063/1.1675283
http://dx.doi.org/10.1002/kin.550050503
http://dx.doi.org/10.1002/kin.550050503
http://dx.doi.org/10.1016/S0006-3495(81)84759-5
http://dx.doi.org/10.1016/0301-4622(82)87015-4
http://dx.doi.org/10.1016/S0006-3495(85)83870-4
http://dx.doi.org/10.1103/PhysRevLett.93.178101
http://dx.doi.org/10.1021/j100189a004
http://dx.doi.org/10.1103/PhysRevE.64.061106
http://dx.doi.org/10.1103/PhysRevE.80.061142
http://dx.doi.org/10.1063/1.3626215

